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Objective: The aim of this study is to develop a novel 3D magnetic resonance imaging (MRI)-based
Statistical Shape Modeling (SSM) and apply it in knee MRIs in order to extract and compare relevant
shapes of the tibia and femur in patients with and without acute Anterior cruciate ligament (ACL)
injuries.
Methods: Bilateral MR images were acquired and analyzed for 50 patients with acute ACL injuries and for
19 control subjects. A shape model was extracted for the tibia and femur using an SSM algorithm based
on a set of matched landmarks that are computed in a fully automatic manner.
Results: Shape differences were detected between the knees in the ACL-injury group and control group,
suggesting a common shape feature that may predispose these knees to injury. Some of the detected
shape features that discriminate between injured and control knees are related to intercondylar width
and posterior tibia slope, features that have been suggested in previous studies as ACL morphological risk
factors. However, shape modeling has the great potential to quantify these characteristics with a
comprehensive description of the surfaces describing complex 3D deformation that cannot be repre-
sented with simple geometric indexes.
Conclusions: 3D MRI-based bone shape quantiﬁcation has the ability to identify speciﬁc anatomic risk
factors for ACL injury. A better understanding of the role in bony shape on ligamentous injuries could
help in the identiﬁcation of subjects with an increased risk for an ACL tear and to develop targeted
prevention strategies, including education and training.
© 2015 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Anterior cruciate ligament (ACL) injuries are one of the most
common ligament injuries of the knee joint. Annual incidence is
reported to be at least 81 per 100,000 in an age range between 10
and 64 years1. Identiﬁcation of risk factors for ACL injury is an
important step in the development of injury prevention strate-
gies2,3. It is well known that the geometry of the tibiofemoral joint
has a key role in controlling transmission of the large compressive: V. Pedoia, 185 Berry Street,
SA. Tel: 1-415-5496136; Fax:
V. Pedoia), LansdownDA@
.edu (M. Zaid), CMcCulloch@
.edu (R. Souza), MaBen@
Li).
ternational. Published by Elsevier Land shear intersegmental forces across the knee. Therefore, in the
last years there has been a great deal of focus on anatomic risk
factors for ACL injuries4e7.
Statistical Shape Modeling (SSM) is a promising mathematical
tool that has the ability to characterize complex shapes in a brief
but comprehensive feature vector using Principal Component
Analysis (PCA) to reduce the dimensionality of the data8. SSM has
the capability to analyze shape differences without a priori as-
sumptions, instead identifying the features empirically.
SSM has been widely used with 2D radiographs for bone
shape characterization. Gregory et al.9 was the ﬁrst to use SSM to
study the association of the shape of the proximal femur with the
occurrence of femoral neck fractures. This study clearly outlined
how multiple geometric measurements are highly correlated and
that a comprehensive approach to modeling and measuring the
shape can be more effective. A similar strategy was then used by
Lynch et al.10 and Baker-LePain et al.11 in studies aimed attd. All rights reserved.
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(OA). Haverkamp et al.12 determined aspects of bone shape in the
knee that related to OA in a population-based cohort of 609
women.
Despite the widespread use of SSM with plain radiographs, the
application in magnetic resonance imaging (MRI) is still a medical
imaging challenge. However, the potential of SSM, coupled with
the three-dimensional nature of MR imaging, has generated sig-
niﬁcant recent interest in the application to knee OA13,14. Bred-
benner et al.13 demonstrated that variability in knee subchondral
bone surface geometry will differentiate between patients at risk
and those not at risk for developing OA using 3D SSM on a subset
of clinical knee MRI data from the Osteoarthritis Initiative (OAI)
database. Recently, a study to examine whether 3D bone shape
predicts the onset of radiographic knee OA combining Active
Appearance Model (AAM) and Linear Discriminant Analysis (LDA)
was also presented14.
Manual or semi-automatic techniques for the SSM extraction
have produced good results in the 2D application but hardly
applicable in 3D with acceptable results. This is one of the main
reasons why there have been few MRI applications to date. The
crucial step in the extraction of SSM is landmark matching. Several
approaches have been proposed in the literature. Some of these are
limited by the application of rigid transformation15, while others
use a non-rigid registration with iterative distortion16,17 or features
control points18,19. Others use an explicit representation of surface
parameterization to minimize the length of the model20,21.
Recently, Lombaert et al.22 presented a matching strategy based on
a vertex-to-vertex correspondence algorithm that implies the
direct matching in a feature space regularized by using the spectral
coordinates (FOCUSR). The technique showed powerful results in
the brain surface matching but has not previously been applied to
knee MRI data nor used to extract a SSM.
The goal of the present study is twofold: (1) to develop a new
method for the automatic 3D SSM extraction based on FOCUSR; and
(2) to apply this method in knee MRIs in order to extract and
compare relevant shapes of the tibia and femur in patients with and
without acute ACL injuries. The present study design does not allow
for deﬁning shape features that can predict the injury, but it can
clarify the relationship between bony anatomy and ligamentous
injury and it can help in formulating speciﬁc hypotheses for future
investigations.
We hypothesize that there are speciﬁc bone shape differences
between the ACL injured knees and control knees and between the
contralateral and control knees.a b 
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Fig. 1. Spatial distribution of the principal curvatures on the reference surfaces of tibia
and femur. (a) Tibia maximum curvature k1. (b) Femur maximum curvature k1. (c)
Tibia minimum curvature k2. (d) Femur minimum curvature k2. Directions are labeled
in the ﬁgure. M: medial, L: lateral, A: anterior P: posterior.Methods
Subjects
Bilateral knees were scanned using a 3 T MRI scanner (GE
Healthcare, Milwaukee, WI, USA) with an 8-channel phased array
knee coil (Invivo, Orlando, FL, USA) for 50 patients with complete
ACL injuries prior to surgical reconstruction within 1e26 weeks
after injury (mean ¼ 7.63 ± 4.52 weeks, median ¼ 6.42)
(age ¼ 29.6 ± 8.2 years, BMI ¼ 24.1 ± 2.8 kg/m2, 21 female).
Nineteen control subjects (age ¼ 31.1 ± 4.4 years,
BMI ¼ 24.6 ± 2.2 kg/m2, 7 female) with no history of knee injuries
and OA underwent unilateral knee MR imaging at a baseline point.
Five healthy volunteers were scanned twice, with repositioning
between scans, to assess the reliability of the overall strategy for the
automatic 3D SSM extraction. Three of these subjects were also
segmented twice by different users, each with an experience of
more than 30 knees segmented with this protocol.Imaging protocol
The imaging protocol included sagittal T2 fast spin-echo (FSE)
images with TR/TE ¼ 4000/49.3 ms, slice thickness of 1.5 mm,
spacing of 1.5 mm, ﬁeld of view of 16 cm, 512 512 matrix size and
echo train length 9.Image post processing
Image processing was performed using an in-house Matlab-
based program. The tibia and femur were segmented semi-
automatically using a strategy based on edge detection that con-
siders a three-dimensional smoothness constraint23. The algorithm
generates an estimation of the border that is then manually
adjusted to ﬁt the cortical border of tibia and femur. Bezier spline
interpolation was used to obtain a dense cloud of points. This
techniquewas previously applied on the sameMRI sequence for the
bone segmentation showing excellent reproducibility in the
computation of knee kinematic parameters such as anterior tibia
translation and internal tibia rotation24.
A three-dimensional triangulated mesh of the bone was
extracted using the Marching Cube algorithm, and a Laplacian
smoothing was applied to the mesh25,26.
The analysis was conducted individually for the tibia and femur
to be invariant to the relative position of the joint. Moreover, all the
surfaces of the tibia and femurwere rigidly registeredwith Iterative
Closest Point matching, so only distinct shape features remained in
the SSM. An iterative process was employed to deﬁne the best
reference knee in the dataset using the sum of the registration er-
rors as a metric to evaluate each candidate surface.
All the vertices of the reference were mapped on all the surfaces
in the dataset using a fully automatic landmark-matching algo-
rithm. The strategy used in this studywas based on the one recently
proposed by Lombaert et al.22. The maximum and minimum local
curvatures were used for coupling, homologous points on two
surfaces (Fig. 1). Both these features were locally deﬁned on the
surfaces and used to identify the landmark matching solved using
Coherent Point Drift27.
A total of 8120 and 11,222 landmarks are identiﬁed for the tibia
and the femur, respectively. Each surface in the dataset xi is
described by a set of 3D coordinates, corresponding with the
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considered as a point in a 3*L dimension space where L is the total
number of landmarks. The mean surface can be computed as:
x ¼ 1
N
XN
i¼1
xi (1)
where N is the number of surfaces in the dataset and xi is the vector
of the landmark coordinates of each subject. The covariance matrix
S was used in order to calculate the variation of shapes from the
mean shape:
S ¼ 1
N  1
XN
i¼1
ðxi  x Þð xi  xÞ T (2)
Eigen vector decomposition is then computed on the covariance
matrix to extract the most important modes of variation of all the
surfaces from the mean surface (PCA).
Physical interpretation of the model
PCAprovides anorthonormalbasis; thereforeeachmodedescribes
a different aspect of the bone shape uncorrelatedwith the others. The
effect of each mode can be modeled individually by generating new
3D surfaces that are different from the average surface just for the
speciﬁc shape feature described by the modeled mode.
The physical representation of the modes was investigated by
changing the value of each mode from the mean, to the mean ± 3
standard deviations (SD) and observing the displacement of the
landmarks from the average surface using three-dimensional
colored meshes.
The color of each face of the mesh is related to the local
Euclidean distance (mm) between the position of the closest
landmark in the average surface and in the modeled surface.
The three components of the Euclidean distance in the: poste-
rior to anterior, medial to lateral and distal to proximal directions
are computed and three colored mesh are created for the visuali-
zation of the results.
The distance is displayed as positive (red) if the local displace-
ment is towards the anterior, lateral, and proximal for tibia and
distal for femur directions; and the distance is displayed as negative
(blue) if the displacement is towards the posterior, medial, and
distal for tibia and proximal for femur directions.
Statistical analysis
The reliability of the method was assessed by calculating the
Root Mean Square Coefﬁcient of Variation for each modal value in
the ﬁve subjects scanned and re-scanned after repositioning; and in
three of these ﬁve subjects after re-processing by different user. The
inter-user segmentation reliability is also computed in terms of
mean surface distance.
A bootstrap analysis was performed to assess the robustness of
the SSM using ﬁve bootstrap replications and rebuilding the SSM
each time. A resampling with replacement was done for 70% of the
surfaces in the original dataset and the model was computed and
evaluated in comparison with the one obtained with the fully
sampled dataset. The stability of the PCA basis was evaluated
qualitatively by observing the colored mesh obtained according to
the vertex Euclidean distance between the mean surface and the
surfaces obtained changing the values of the ﬁrst ﬁve modes.
Moreover, the three surfaces modeled from each bootstrap repli-
cation in each mode (mean ± 3 SD) were compared to the surfaces
obtained from the original model. The mean of the distances of allthe vertexes was computed as a similaritymatrix for each bootstrap
experiment using the following equation:
Di;j ¼
1
L
XL
k¼1
li;j;k  lio;j;k
 (3)
where Di,j is the mean distance computed for ith bootstrap experi-
ment and jth mode, L is the total number of landmarks that deﬁne
the surface,li,j,k is the kth 3D coordinate vector of the surface ob-
tained modeling the jth mode in the ith bootstrap, and lio,j,k is the kth
3D coordinate vector of the surface obtained modeling the jth mode
in the original model.
A second set of analyses was performed to evaluate the associa-
tion between the bone shape and ACL injury. An unpaired t-test was
used to evaluate the differences between injured and control knees
and between contralateral and control knees. A paired t-test was
used for the evaluation of statistical differences between injured and
contralateral knees. A Bonferroni correction was applied to account
for multiple comparisons due to the analysis of the different modes.
There is no clear agreement among users of PCA on how to
incorporate scale. Due to correlation of size with other shape fea-
tures, this information could not be completely encapsulated just in
one mode. To avoid any misinterpretation of these data the eval-
uation of the groups' difference was performed also after the
Euclidean alignment of the surfaces, which removes any effect of
the size. In the following, the two models are called “scale-pre-
served” and “Euclidean”. Reliability, robustness and physical
interpretation are reported here using the scale-preserved model.
The signiﬁcant modes of the scale-preserved model were then
used in a Generalized Linear Model (GLM) to assess the ACL injured/
control and contralateral/control classiﬁcation performance of the
identiﬁedmodel,A75e25%K-foldcrossvalidationwasused totest the
performances, and the ROC area under the curve used as evaluation
metric. Gender differences were also tested through unpaired t-test.
Results
Model reliability
The average surface distances for the three cases segmented
twice are 0.75 mm, 0.69 mm, and 0.92 mm for the femur and 0.76,
0.63 mm, and 0.96 mm for the tibia.
Table I shows the inter user RMS-CVs computed for the three
volunteers evaluated for the ﬁrst tenmodes of both femur and tibia.
The average RMS-CV is equal to 7.23% and 7.27% on the ﬁrst 10
modes and 2.65% and 4.89% in the ﬁrst ﬁve for femur and tibia
respectively.
Table I is also shows the scan/re-scan RMS-CVs for all the ﬁve
volunteers computed for the ﬁrst ten modes of both femur and
tibia. The average RMS-CV is equal to 12.25% and 14.7% on the ﬁrst
10 modes and 7.33% and 12.25% in the ﬁrst ﬁve for femur and tibia
respectively.
Model robustness
Figures 2 and 3 show the results obtained in the bootstrap
experiment for femur and tibia, respectively. The mean of the dis-
tances of all vertices is included in the ﬁgure as well.
The results obtained show good stability of the model for the
femur in the ﬁrst four modes, showing similar vertex displacement
distribution, and the average distance between points is always less
than 2 mm. In mode 5, the ﬁrst, second, and last bootstraps show
some notable differences in the reconstructed femur suggesting a
mode order switching.
Table I
IntereUser and ScaneRescan reliability: RMS-CV computed for the ﬁrst 10 modes on three subjects after two post processing section performed by two users reliability:
Coefﬁcients of Variations (CV) computed for the ﬁrst 10 modes on ﬁve subjects scanned and processed twice after repositioning
Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 Mode 6 Mode 7 Mode 8 Mode 9 Mode 10
IntereUser RMS-CV (%)
Femur 2.27 1.60 3.42 0.98 4.99 11.35 6.77 13.19 16.64 11.09
Tibia 0.71 4.12 1.46 7.36 10.68 3.68 8.02 7.49 12.51 16.70
ScaneRescan RMS-CV (%)
Femur 1.66 7.14 7.34 7.78 12.73 18.31 9.25 27.16 10.89 20.26
Tibia 2.65 7.08 8.35 20.10 22.46 19.68 14.89 20.27 13.17 18.38
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mode 1 and mode 3 showing completely stable behavior along the
ﬁve bootstrap experiments.
Association between bone shape and ACL injury
Figure 4 shows the PCA normalized accumulated variation for all
the modes of the model both for femur and tibia. This represen-
tation describes the compactness of the model.Fig. 2. Results of the Femur bootstrapping experiment. Spatial distribution of the vertex disp
standard deviation. Each row represents a different modes form 1 to 5. The ﬁrst column sh
spatial distribution of the displacement for the different bootstrap together with the averaIn the ﬁrst 10 modes of tibia and femur is represented 85.1% and
84.8% of the entire variability of which 78.5% and 77.2% in the ﬁrst
ﬁve modes.
Due to the results obtained in the reliability and robustness
experiments, the ﬁrst ﬁve modes are tested to study the as-
sociation between bone shape and ACL injury. The compact-
ness of the model allows us to describe a large percentage of
the entire variability of the dataset with a small number of
modes.lacements assigned to mode values equal to: mean þ3*standard deviation and mean e
ows the model obtained with the whole cohort (119 knees). The rows 2e6 show the
ge distance between the fully sampled model.
Fig. 3. Results of the Tibia bootstrapping experiment. Spatial distribution of the vertex displacements assigned to mode values equal to: mean þ3*standard deviation and mean e
standard deviation. Each row represents a different modes form 1 to 5. The ﬁrst column shows the model obtained with the whole cohort (119 knees). The rows 2e6 show the
spatial distribution of the displacement for the different bootstrap together with the average distance between the fully sampled model.
Fig. 4. Representation of the model's compactness: cumulative % of the variability
expressed in function of the number of modes considered in the model.
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preserved and Euclidean models The second mode of the femur
(F2) was observed to be signiﬁcantly different between injured and
control group showing an increase of 12% in average from control to
injured (the average scan/rescan reliability for this mode is 7.23%).
The differences of the same modes between contralateral and
control group were not statistical signiﬁcant if the Bonferroni
correction is considered. There were not statistically signiﬁcant
differences between injured and contralateral groups in the paired
t-test. The third mode of the tibia (T3) was observed to be signiﬁ-
cantly different between injured and control groups and between
contralateral and control groups, showing an increase of 29% in
average from control to injured (the average scan/rescan reliability
for this mode is 8.27%). There were not statistically signiﬁcant dif-
ferences between injured and contralateral group in the paired t-
test. Consistent results are obtained with the model obtained after
removing the scale affect. The ranking of the signiﬁcant modes is
different but the physical meaning is preserved F2 and T3 in the
scale-preserved model represent the same shape features
described in F1 and T2 in the Euclidean model.
Table II
Results obtained analyzing the difference between: injured and control
knees shape; contralateral and control knees shape and injured and
contralateral knees. Signiﬁcance P-value <0.01. (a, b) Surfaces rigidly
aligned (c, d) Surfaces Euclidean aligned
(a)
Second mode femur (scale-preserved dataset)
ACL injured 365.55 (84.41)
Control 306.89 (60.89)
P-value (unpaired t-test) *0.007
Contralateral 351.65 (81.58)
Control 306.89 (60.89)
P-value (unpaired t-test) 0.03
ACL injured 365.55 (84.41)
Contralateral 351.65 (81.58)
P-value (paired t-test) 0.03
(b)
Third mode tibia (scale-preserved dataset)
ACL injured 107.06 (40.06)
Control 70.47 (47.21)
P-value (unpaired t-test) *0.002
Contralateral 111.59 (44.45)
Control 70.47 (47.21)
P-value (unpaired t-test) *0.001
ACL injured 107.06 (40.06)
Control 111.59 (44.45)
P-value (paired t-test) 0.32
(c)
First mode femur (Euclidean aligned dataset)
ACL injured 292.85 (88.26)
Control 231.72 (65.11)
P-value (unpaired t-test) *0.007
Contralateral 281.69 (82.96)
Control 231.72 (65.11)
P-value (unpaired t-test) 0.021
ACL injured 292.85 (88.26)
Contralateral 281.69 (82.96)
P-value (paired t-test) 0.11
(d)
Second mode tibia (Euclidean aligned dataset)
ACL injured 79.52 (23.17)
Control 61.00 (24.51)
P-value (unpaired t-test) *0.004
Contralateral 84.9 (35.38)
Control 61.00 (24.51)
P-value (unpaired t-test) *0.009
ACL injured 79.52 (23.17)
Control 61.00 (24.51)
P-value (paired t-test) 0.34
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preserved model and used to assess the ACL vs control and
contralateral vs control classiﬁcation performances. Themean AUCs
obtained in the 69 K-fold experiment was 0.75 (95% C.I. 0.62e0.86)
in the classiﬁcation of injured vs control and 0.70 (95% C.I.
0.57e0.83) in the classiﬁcation of contralateral vs control. Signiﬁ-
cant differences were found between genders in the ﬁrst modes for
both tibia and femur (P < 0.001) and F2 (P ¼ 0.01) of the scale-
preserved model.Fig. 5. Modeling of the principal component F2 (a, c) and T3 (b, d) of the scale-
preserved model. In the ﬁrst row Mean þ3STD. in the second row Mean 3STD. Di-
rections are labeled in the ﬁgure. M: medial, L: lateral, A: anterior P: posterior.Physical interpretation of the scale-preserved model
For the femur, the ﬁrst mode is related to the size, the second
related to the relative distance between the condyles, and the thirdrelated to the condylar width and height, with the effect observed
more in the lateral side than medial. Signiﬁcant differences be-
tween injured and control femurs were found in F2. The ACL
injured subjects showed narrower intercondylar notch than
controls.
For the tibia, the ﬁrst mode is related to size, the second to the
medial posterior curvature of the tibial plateau, and the third to
elevation of the anteromedial tibial plateau. Signiﬁcant differences
between injured and control tibiawere found in T3. The ACL injured
subjects showed an elevation in the anteromedial tibial plateau.
Figure 5 shows the effect of changing modes F2 and T3. The ﬁrst
row shows deformations related to meanþ3SD and the second row
deformation related to mean 3SD.
Figure 6(a) shows the displacement of the vertices of the second
mode of femur in the posterioreanterior, medialelateral and
superioreinferior directions obtained after modeling the difference
between the average control and average ACL injured femurs. The
medialelateral direction, which corresponds to the notch in 2D
images, is the most involved in the deformation showing a
maximumdisplacement equal to 1.6mm.Moreover, amovement of
the side vertices in superioreinferior direction can be noted with a
comparable magnitude (maximum displacement 1.11 mm). A small
increase in size of the femoral trochlear surface area in the poste-
rior direction is noticeable, although of smaller magnitude
(maximum displacement 0.7 mm). These observations suggest that
the deformation described in this mode is rotation of the femur
condyles that causes a narrowing of the notch.
Figure 6(b) shows the 3D displacement of the vertexes related to
T3. It is notable that the deformation is not just related to an
elevation of the anterior medial plateau (maximum displacement
0.7mm) that cause the change of the slope, but it involves the other
directions as well. The tibia of the ACL patients is shortened in the
medial-lateral width and longer in anterioreposterior length.
Moreover, a moderate but signiﬁcant correlation was observed
between this two modes: P-value ¼ 0.001 Pearson R ¼ 0.38.
Discussion
We developed a novel complex shape analysis method based on
3D MR imaging of the knee and utilized this approach to demon-
strate that there are signiﬁcant shape differences between injured
knees and control knees before ACL reconstruction.
Good reproducibility and robustness was found in the ﬁrst four
modes of femur and the ﬁrst three of tibia. The shape characteristics
Fig. 6. Displacement of the vertices modeling the difference between injured and control knees in the modes F2 (a), T3 (b) of the scale-preserved model. The black arrows show the
direction of the displacement represented in each mesh. Posterior to anterior: positive values (red) displacement towards anterior direction, negative values (blue) displacement
towards posterior direction. Medial to lateral: positive values (red) displacement towards lateral direction, negative values (blue) displacement towards medial direction. Distal to
proximal: positive values (red) displacement towards proximal direction, negative values (blue) displacement towards distal direction. The white arrows show locally on the mesh
the directions of the vertexes displacement. Directions are labeled in the ﬁgure. M: medial, L: lateral, A: anterior P: posterior.
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resented in earlier modes. These features globally describe the
surface, such as size, intercondylar narrowing, and tibia plateau
size. Therefore, their characterization is less sensitive to errors in
segmentation or in the landmark identiﬁcation. Moreover, the slice
spacing of 1.5 mm can make more difﬁcult the recovery of focus
shape features described in the later ranked modes based on dif-
ferences in patient positioning. Better intra-slice resolution could
solve this issue.
In this study a narrowing of notch was observed in the people
with ACL injury. This shape characteristic was already outlined in
previous studies as a potential risk factor for ACL injury4. Using
radiographs, Souryal et al.28 showed that the notch width index
(NWI) was signiﬁcantly smaller in the group that suffered bilateral
ACL ruptures when compared with healthy controls and compared
with those suffered unilateral ACL ruptures. These results have
been reproduced by several other studies most of them using
radiographic-based techniques4,29,30. Nevertheless, some authors
have shown no relation between the ACL injury and NWI31,32.
In33 the authors showed that there is no correlation between the
x-Ray NWImeasure and the overall volume of the notch. Moreover,
the results in the estimation of the NWI are strongly affected by the
knee ﬂexion angle during the scan.
Compared to previous studies, our approach using SSM and 3D
MRI to describe the bone shape is invariant to the knee position
with the 3D nature of MR images, and the fully automatic methodhelps to minimize the operator variability in the measure. More-
over, the 3D modeling can provide a more comprehensive
description of the shape changes showing that the shape features
that differentiate ACL injured and control subjects is a rotation of
the femur condyles that causes a narrowing of the notch. This
complex 3D mechanism of notch narrowing cannot be easily
described usingmanuallymeasurable indexes. The potential of SSM
is that it provides a measure of this shape feature in an unbiased
way. Moderate but signiﬁcant correlationwas observed between T3
and F2.
As previously reported by Mahfouz et al.34 a signiﬁcant increase
in mode F2 that leads to a smaller intercondylar notch was
observed in the female subjects than in male subjects beyond the
expected difference in size (ﬁrst mode). This may at least partially
explain the higher risk of female subjects to sustain an ACL injury as
compared to male subjects.35
Signiﬁcant differences were found in the third mode of the tibia
between injured and control and between contralateral and control
tibias. This mode is related to an elevation of the medial anterior
plateau that generates an increase of the posterior tibial slope.
Wordeman et al.7 recently published a systematic review andmeta-
analysis on this topic, analyzing fourteen approaches, including
studies based on both radiography and MR imaging. The study
showed that the majority of the radiographic approaches report
tibial plateau slope as a risk factor for ACL injury but just one of the
seven MRI studies conﬁrm this result. This review shows that there
V. Pedoia et al. / Osteoarthritis and Cartilage 23 (2015) 1695e17031702is vast disagreement regarding the actual values of the slope that
would be considered at risk. Our model, however, showed that the
bony shape that actually differentiates the ACL injured and control
groups is more complex then just an increase of the slope easily
detectable in 2D but involves the size of tibiae plateaus in anterio-
posterior and medialelateral directions.
The relevance of this work is in clarifying the relationship be-
tween bony anatomy and a higher risk of ligamentous injury. There
has been much interest in developing prevention programs to
decrease the rate of ACL injuries, and understanding the factors that
place certain athletes at a higher risk of sustaining these injuries
can help reﬁne these efforts. It is not practical to screen all patients
or athletes with cross-sectional imaging, but the information from
this cohort will lead to further investigation of the role in bony
shape on ligamentous injuries.
Despite the promising results, there are several limitations of
the study. Using 2D FSE images, the present study is limited by a
relatively low resolution, especially in the slice direction. A 3D
high-resolution image could potentially help with increasing the
reliability in the later modes making possible the detection of more
focused shape deformation. The sample size is relatively small. The
application of the technique on a bigger cohort can substantiate the
results obtained in this study. This study is also limited by its cross-
sectional nature.
In conclusion, our experiments show that there are signiﬁcant
shape differences between the ACL-injury knees and control knees
at baseline. Some of these observed changes in shape align with
factors identiﬁed in previous studies, but the 3Dmodeling provides
amore comprehensive description of the shape changes inmultiple
directions. SSM with 3D images has the great potential to extract
shape features in a completely nonemodel based approach that
looks for the features that actually describe the analyzed surface
and avoid a priori choice of relevant indices, like NWI or tibial slope.
Bone shape quantiﬁcation has the great potential to identify spe-
ciﬁc risk factors for ACL injuries. Such information can help with
identifying subjects with an increased risk for suffering an ACL
injury and develop targeted prevention strategy including educa-
tion and training.
Moreover, ACL tears are a well-known risk factor for the
development of early post-traumatic OA36,37. A future application of
SSM will be to evaluate the role of the bony shape change for the
evaluation of post-traumatic OA risk factors by following up these
patients after ACL injury and reconstruction.
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